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Abstract 
The development of high performance machining processes is a key aspect to achieve higher productivity, efficiency and performance in modern 
production systems. In order to reduce the corresponding effort and costs, simulation systems are one possibility to support the design and the 
optimization of manufacturing processes. In this article, three different application examples with respect to milling, grinding and deep-hole 
drilling operations are presented. In this context, both finite-element and geometric-kinematic simulation approaches are applied to model the 
different challenging issues of the corresponding machining process. 
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1. Introduction 
High performance cutting enables energy and resource 
efficient machining [1]. Therefore, this technique is applied in 
different sectors of the manufacturing industry and even for 
machining of advanced aerospace alloys and composite 
materials [2, 3]. A shorter product lifecycle necessitates also 
higher flexibility of the production systems. Thereby, 
simulations are used to model the entire product and production 
lifecycle with the objective to reduce the corresponding effort 
and costs [4]. Regarding the design of machining processes, 
different simulation methods are established to predict specific 
tool-, machine- and workpiece-related characteristics. 
Geometric-kinematic approaches are often used to simulate 
milling processes, calculating the material removal by the tool-
workpiece-engagement along the NC-path. For the 
discretization of the workpiece and the tool, different modeling 
techniques, such as constructive solid geometry (CSG), dexel 
and wire- or point-based methods, can be used [5]. These 
simulations allow a detailed representation of the contact 
situation and the corresponding undeformed chip thickness. 
Based on empiric and analytic models, the cutting force and its 
components can be estimated. Combining these calculations 
with an appropriate modeling of the system dynamics, the 
occuring of chatter vibrations and the resulting surface 
topography of the machined workpiece can be predicted [5]. In 
grinding operations, the same fundamental geometric-
kinematic approach can be applied on the macro-scale to 
analyse complex contact conditions and forces. Furthermore, 
the grinding tool topography can be considered on the 
microscopic level to allow the simulation of the multiple single 
grain engagements within the contact zone [6]. 
Modeling of machining operations is often performed using 
finite-element (FE) methods. On the one hand, this technique 
allows the macroscopic simulation of tool and workpiece, 
regarding mechanical, thermal or dynamic effects [7, 8, 9]. On 
the other hand, the main research focus is represented by FE-
analysis of chip formation on the microscopic level. Thereby, 
a local model of the material separation in the working zone is 
used to predict forces, temperatures or surface integrity [8, 10]. 
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2. Simulation-based design of milling processes in series 
production of cylinder heads 
Today’s trial-based process design during the planning and 
start-up phase of series production cannot always be transfered 
to the final manufacturing system, since the boundary 
conditions in these stages, e.g. workpieces, tools, and 
machines, can differ substantially from each other. At the start 
of series production, this can cause unwanted delays, as the 
determined process layout may have to be adapted. Additional 
experiments in the start-up stage imply an increase in costs and 
resources. To avoid this, new designing approaches, 
particularly of innovative processes, have to be developed and 
applied. 
Using the simulation tool, developed by the Institute of 
Machining Technology at the TU Dortmund University, the 
process design can be supported from the beginning. Based on 
a NC program, cutting force parameters, a structural-dynamic 
description of the tool, tool holder and machine system as well 
as the tool geometry, the simulation system calculates the 
cutting forces and vibration of the tool center point. Thus, the 
stability of a process can be assessed independently of existing 
machine tools [5]. 
In the machining process of cylinder heads at Daimler AG, 
the inlet ports are milled through the bore of the intake valves 
to generate a tumble air flow. This operation requires long 
cantilevered milling tools with a small tool diameter. In 
addition to casting tolerances, this can cause chatter vibrations 
because of varying cutting conditions and unsuitable process 
parameters. To ensure the manufacturability of this feature, the 
simulation tool is used in an early stage of the product 
development process. To examine the process stability, a 
parameterized blank model is required, representing the 
preliminary casting process with its corresponding tolerances. 
For this purpose, a NC program of the blank part in nominal 
position is generated by a CAM system. Following, the blank 
part is transferred in the simulation environment, as shown in 
Fig. 1. The tolerances of the preliminary processes are 
modelled by manipulation of the generated NC program, e.g. 
by rotation and translation of the NC points, to simulate their 
influence on the machining process under examination. 
 
 
Fig. 1: Building a parameterized blank part model considering the casting 
tolerances by manipulation of the NC paths. 
The comparison of simulated and machined surfaces for 
different translational casting tolerances of l = ±0.9 mm is 
shown in Fig. 2. These values are achievable for sand casting 
of parts with dimensions of l > 450 mm [11]. Test workpieces 
with defined casting tolerances were used to verify the 
simulation approach resulting in a good agreement. 
Furthermore, the simulation could predict the actual cutting 
forces measured in tests as well. 
 
Fig. 2: Machined surfaces in the simulation (left) and on real parts (right). 
3. Hybrid multi-scale modeling of high speed internal 
traverse grinding 
Internal traverse grinding (ITG) is a finish operation for 
bores in different fields of the industry, e.g. gears or bearings. 
In order to achieve high material removal rates comparable to 
hard turning processes, the peel technique of ITG using 
electroplated grinding wheels can be applied under high speed 
conditions [12]. In this case, the grinding wheel is divided in a 
conical roughing zone and a cylindrical finishing zone. In 
contrast to internal plunge grinding, the ITG tools have small 
width of the grinding wheel, resulting in a compact form of the 
contact zone and locally concentrated thermal as well as 
mechanical loads onto the workpiece. This can cause thermally 
induced machining errors of the workpiece, such as form 
deviations or alterations of the surface layer. 
To estimate the global thermal loads onto the workpiece, 
normally, FE models based on the moving heat source theory 
can be used [6]. In order to reduce the calculation time, only 
one volume segment is modeled in this study. The detailed 
simulation setup and procedure are described in [13]. The 
amount of the heat input into the workpiece is calibrated 
according to adjustment between measured and simulated 
maximal temperatures. In the right part of Fig. 3, a comparison 
of measured and simulated temperature curves after calibration 
is shown. Applying this FE simulation, the thermal load onto 
the workpiece can be estimated related to the macro-scale 
process parameters, e.g. the axial feed. Varying this parameter, 
the simulated temperatures within the contact zone rises by the 
larger axial feed according to the material removal rate, which 
is three times higher at these process conditions. 
Fig.3: Macro-scale thermal FE modeling of ITG. 
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In grinding processes, the micro-scale material removal is 
conducted by many engaging grains, which differ in shape, 
size, single grain chip thickness hcu and rake angles Ȗ. In order 
to model the holistic thermal-mechanical loads during ITG, a 
multi-scale approach is necessary. In the current work, an 
innovative hybrid simulation framework consisting of three 
main components was developed. 
The first component is a micro-scale chip formation model, 
which captures the single grain load onto the workpiece [14] 
(Fig. 4a). This model was developed by the Institute of 
Mechanics of the TU Dortmund University. Particular chip 
formation simulations were conducted varying the micro-scale 
influence factors – the rake angle Ȗ, the grinding wheel velocity 
vs and the single grain chip thickness hcu. Based on the results 
of these simulations, regression models were established to 
estimate the relationship between the specified influence 
factors and the resulting thermomechanical loads (Fig. 4b), e.g. 
Fgrain = f (hcu, vs, Ȗ). In this case, these loads are the heat input 
into the workpiece as well as the specific tangential and normal 
forces. 
Coupling the micro- and the macro-scale, a geometric-
kinematic simulation is used (Fig. 4c), in which a radial dexel 
board is implemented to represent the workpiece. The grinding 
wheel was modelled by CSG elements considering the ideal 
CBN grain form [14]. In the simulation both, the workpiece and 
the grains, are moved relatively to each other according to the 
process kinematics.When a CSG-grain overlaps a workpiece 
dexel, the latter is trimmed at the intersection point, which 
represents the material removal. A detailed description of the 
approach is documented in [14]. Using this simulation at a 
given grinding wheel velocity vs, the single grain chip thickness 
hcu and the rake angle Ȗ of each grain engagement can be 
calculated which is shown in the histogram in Fig. 4d. In order 
to determine the macro-scale thermomechanical loads onto the 
workpiece (Fig. 4e and 4f), the regression model (Fig. 4b) is 
evaluated for each grain engagement estimated by the 
geometric-kinematic simulation (Fig. 4d). The macro-scale 
loads are the tangential and normal forces as well as the heat 
input per tool revolution [14]. The latter can be applied as a 
heat flow on the macro-scale FE-model, which is the last 
component of the simulation framework (Fig. 4e). 
 
 
Fig. 4: Hybrid multiscale modeling of thermo-mechanical loads during ITG. 
 
4. Simulation-based compensation of thermomechanically 
induced straightness deviations in deep hole drilling 
Deep hole drilling is one of the most challenging operations 
in the automotive powertrain machining, particularly when 
applying energy efficient concepts of cooling lubrication, e.g. 
minimum quantity lubrication (MQL) [15]. In this case, high 
heat load on the workpiece results, which can cause thermal 
expansions and deviations of the machined component. The 
hole straightness is one of the most important quality features 
in deep hole drilling operations and can also be affected by 
these thermal effects. Hence, various investigations on deep 
hole drilling of the typical automotive cast aliminium alloy 
EN AC-46000 (AlSi9Cu3) were performed with the objective 
to analyse and minimise the thermomechanically induced 
deflections during the process as well as the resulting 
deviations. Solid carbide twist drills with a diameter of d = 
10 mm were utilised in this study using high-pressure MQL 
supply with pMQL = 15 bar to produce bores with a total length 
of l = 300 mm. Since the feed has the major influence on the 
heat partitioning into chip, tool, MQL and workpiece, the 
cutting speed of vc = 175 m/min was not varied. Specific tool 
developments provide extreme high productivity by allowing 
feed rates of up to vf § 22 m/min, which corresponds to a feed 
per revolution of f = 4.0 mm [16]. To reach these high feed 
rates, it is necessary to begin the drilling process with a 
standard feed and increase it smoothly to the final feed. Thus, 
a ramp function was implemented between the initial and the 
end feed, as shown in Fig. 5. The resulting heat input into the 
workpiece was calculated over the specific heat equation using 
the thermographically measured temperature increase. 
Fig. 5: Influence of the end feed on machining time, process energy and 
workpiece heat in high performance deep hole drilling. 
The thermal images and the heat evaluation illustrate that 
the high feed can reduce the thermal workpiece load 
significantly, but there are limits as well and upwards of 
f = 1 mm no further temperature and heat decrease could be 
achieved. Therefore, a novel approach for the compensation of 
straightness deviation was developed, based on a radial NC 
path, overlapping the axial feed in drilling [16]. Due to the 
guiding of the front drill area at the bore wall, a small deflection 
of the tool results, which provides a directional correction of 
the drilling process, avoiding the occurance of straightness 
deviation. Fundamental investigations regarding the feasibility 
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of this compensation method are presented and explained in 
[16], but the analysed functions for the radial NC path caused 
an overcompensated bore straightness in the opposite direction 
of the original straightness error without compensation. In 
order to generate reliable compensation NC paths and to avoid 
multiple trial-and-error tests, an existing thermomechanical 
finite-element simulation of the workpiece was coupled with a 
bending beam model of the tool in a geometric-kinematic 
simulation of the drilling process (Fig. 6). The validation was 
performed based on measured straightness curves of the bores. 
In a further development step, this simulation was adapted to 
calculate NC paths for the compensation of straightness 
deviation. Thereby, the position of the drill tip and the direction 
of drilling within the tool model have been constrained to the 
bore wall and its tangent of deflection respectively. The radial 
position of the tool clamping, calculated stepwise for each 
position, represents the generated NC path for the compen-
sation. Exemplary results of the experimental validation are 
presented in Fig. 6 as well. The developed solution could 
achieve reliable compensation of the systematic part of the 
straightness deviation. 
Fig. 6: Modeling, simulation and compensation of straightness deviation in 
deep hole drilling. 
5. Conclusion and Outlook 
This paper presents three studies with respect to different 
automotive applications of cutting and grinding processes. 
Thereby, simulation-based design of modern high performance 
machining procedures is performed to enable productivity 
enhancements, deviation compensations and an early process 
development. All proposed approaches still require 
experimental validation and partially high calculation time, 
especially when using hybrid modelling. In future work, 
casting tolerances will be implemented in machining 
simulations of casted components. The fundamental multiscale 
grinding approach should be transferred to other abrasive 
processes and the compensation of straightness deviation 
should be extended to further applications. 
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